The development of cell therapies to treat peripheral vascular disease has proven difficult because of the contribution of multiple cell types that coordinate revascularization. We characterized the vascular regenerative potential of transplanted human bone marrow (BM) cells purified by high aldehyde dehydrogenase (ALDH hi ) activity, a progenitor cell function conserved between several lineages. BM ALDH hi cells were enriched for myeloerythroid progenitors that produced multipotent hematopoietic reconstitution after transplantation and contained non- 
Introduction
Regenerative angiogenesis is an area of intense preclinical study in relation to ischemic cardiomyopathy [1] [2] [3] and peripheral vascular disease. [4] [5] [6] Asahara et al first identified circulating endothelial precursors that differentiated into mature endothelial cells in vitro and contributed to vessel formation after transplantation. 7 Subsequent studies revealed that these rare cells expressed the primitive stem cell markers CD34, CD133, and Flk-1/KDR, the human homolog for vascular endothelial growth factor receptor (VEGFR2). 8 These markers are also expressed on hematopoietic repopulating cells, [9] [10] [11] making it difficult to distinguish progenitor cells with endothelial or hematopoietic function. Nonetheless, both hematopoietic and nonhematopoietic cells can be transplanted to augment vascularization in mouse models. 6, 12, 13 Recent studies have delineated the proangiogenic properties of human cells from hematopoietic and endothelial lineages. 14, 15 Adherent blood-derived cells propagated under strict endothelial cell (EC) growth conditions formed proliferative colonies composed of CD45 Ϫ ECs with typical cobblestone appearance. These cells retained the ability to form perfused vessels in gel implants in vivo. 15 In contrast, nonadherent blood-derived cells cultured under less restrictive conditions expressed both hematopoietic and EC markers and possessed myeloid progenitor cell activity in secondary cultures. After transplantation, these proangiogenic myelomonocytic cells did not incorporate into the vessel wall. Rather, this population promoted angiogenesis through proposed paracrine functions to increase sprouting of vessel-derived ECs. 12, 16 Mesenchymal stem cells may also participate in the support of myocardial 17, 18 and EC survival 19 and have recently been shown to stabilize nascent blood vessels in vivo. 20, 21 Thus, human bone marrow (BM) provides an accessible reservoir of several lineages potentially involved in the vascularization of ischemic tissues.
Transplantation of a purified BM-derived population composed of several potentially proangiogenic cell lineages could provide a unique strategy to augment revascularization in ischemic tissues. Consequently, we purified human BM cells based on a conserved stem cell function, aldehyde dehydrogenase (ALDH) activity, an enzyme with high expression in primitive hematopoietic progenitors, and reduced expression in differentiated leukocytes. 22 We have previously shown that human umbilical cord blood cells selected for high ALDH activity (ALDH hi ) were enriched for hematopoietic repopulating cells 23, 24 and exhibited widespread distribution of nonhematopoietic (CD45 Ϫ ) cells after transplantation into the ␤-glucuronidase-deficient nonobese diabetic/severe combined immunodeficiency/mucopolysaccharidosis type VII (NOD/SCID/MPSVII) mouse. 25 Thus, nonhematopoietic cells with potentially proangiogenic functions may also possess high ALDH activity, 26 whereas cultured mature ECs with enhanced proliferative and migratory activity were previously shown to be ALDH-low. 27 Here we show that selection of human BM cells with high ALDH activity purifies a functionally heterogeneous group of hematopoietic and nonhematopoietic colony-forming cells based on a conserved progenitor cell function. ALDH hi mixed lineage cells possessed full multipotent hematopoietic and mesenchymalstromal colony-forming cell capacity in vitro. After femoral artery ligation/transection in immunodeficient NOD/SCID ␤-2 microglobullin (␤2M) null mice, intravenously transplanted human BM-derived ALDH hi cells showed recruitment to the site of ischemia and stimulated revascularization, resulting in improved limb perfusion.
Methods

Human cell purification
Human BM was obtained with informed consent in accordance with the Declaration of Helsinki by aspirate of the iliac crest at the Siteman Cancer Center Oncology Clinic (St Louis, MO) or at the London Health Sciences Center (London, ON). Local research ethics committees at Washington University and the University of Western Ontario approved all studies. Unpurified nucleated leukocytes or mononuclear cells (MNCs) isolated by Ficoll-hypaque centrifugation were depleted of erythrocytes by red cell lysis and stained with Aldefluor reagent (StemCell Technologies, Vancouver, BC), allowing the discrimination of fluorescence in cells with low or high ALDH activity and low side scatter by fluorescence-activated cell sorting (FACS) as previously described. 23, 24 Aldefluor-labeled nucleated cell samples were washed with phosphate-buffered saline (PBS) to remove accumulated fluorescent substrate via reactivation of inhibited transporters. CD14 ϩ monocytes were purified from granulocyte colony-stimulating factor mobilized peripheral blood using a RoboSep immunomagnetic cell separator and reagents (StemCell Technologies).
Progenitor assays
Human hematopoietic colony-forming cell (HCFC) assays were performed in Methocult H4434 (StemCell Technologies), as previously described, 23 and enumerated by morphology after incubation for 14 to 17 days. Human mesenchymal colony-forming cell (MCFC) cultures were established by plastic adherence in Amniomax media plus supplement (Invitrogen Canada, Burlington, ON). Human endothelial colony-forming cell assays 28 were performed on collagen-coated plates (BD BioCoat, BD Biosciences, San Jose, CA), in endothelial growth media (EGM-2 ϩ Single Quots; Lonza Walkersville, Walkersville, MD). Nonhematopoietic CFCs were enumerated at days 10 to 14 using an inverted microscope.
Phenotype analysis
Purified human BM ALDH lo or ALDH hi cells and cultured cells were stained with antihuman antibodies for CD4, CD8 (T cells), CD14 (monocytes), CD19, CD20 (B cells), CD31 (PECAM-1), CD33 (myeloid cells), CD34 (sialomucin), CD73 (ecto-5Ј nucleotidase), CD90 (Thy-1), CD105 (endoglin, GeneTex, San Antonio, TX), CD117 (c-kit), CD133 (Miltenyi Biotec, Auburn, CA), and CD144 (VE-cadherin, Santa Cruz Biotechnology, Santa Cruz, CA) All antibodies were from BD Biosciences unless otherwise indicated. Cell viability was assessed by 7-amino-actinomycin D (BD Biosciences). Cell surface marker expression was acquired using a FACSCalibur flow cytometer (BD Biosciences).
Multipotent mesenchymal lineage differentiation
ALDH lo -and ALDH hi -derived MCFCs were differentiated in secondary cultures using adipogenic, osteogenic, and chondrogenic BulletKits, as described in the manufacturer's protocols (Lonza Walkersville 
Tubule formation assays in Matrigel basement membrane matrix
Human aortic endothelial cells (HAECs) and BM ALDH hi cells, which established cell outgrowth under mesenchymal (Amniomax) and endothelial (EGM-2) growth conditions, were harvested for secondary culture at 50 000 to 75 000 cells/well in Matrigel basement membrane matrix (BD Biosciences). After 24 to 48 hours, tubule formation was examined using an inverted microscope.
Murine hindlimb ischemia surgery and laser Doppler perfusion imaging
Right femoral and saphenous artery ligation, followed by complete excision of the ligated femoral artery, was performed on anesthetized NOD/SCID ␤2M null or NOD/SCID/MPSVII mice (The Jackson Laboratory, Bar Harbor, ME) as previously described. 16, 29 Mice were tail vein-injected with PBS, human BM nucleated cells, purified ALDH lo , or ALDH hi cells, or CD14 ϩ cells within 24 hours of surgery without preparative irradiation. Before laser Doppler perfusion imaging (LDPI; MoorLDI-2; Moor Instruments, Devon, United Kingdom), anesthetized mice were placed on a 37°C heating plate for 5 minutes to minimize body temperature variations. Mouse hindquarters were imaged before and after surgery and weekly for up to 28 days. Perfusion ratios (PRs) of ischemic versus nonischemic limbs were quantified by averaging relative units of flux from the ankle to the toe using MoorFlow Software (Moor Instruments, Axminster, United Kingdom).
Detection of human cells in BM, spleen, and muscle
At 21 to 30 days after transplantation, BM, spleen, and the adductor muscle from ischemic and nonischemic limbs were analyzed for human cell engraftment by flow cytometry for the human pan-leukocyte marker CD45 and human leukocyte antigen (HLA)-A,B,C or matched isotype controls, combined with 7-amino-actinomycin D viability dye (BD Biosciences). BM and spleen cells were mechanically dispersed, and muscle was treated with type II collagenase (Worthington Biochemicals, Freehold, NJ). In mouse tissues with a low frequency of human cells (Ͻ 0.2% HLA-A, B, and C ϩ ), engraftment was confirmed by amplification of human-specific P17H8 satellite sequences by polymerase chain reaction as described previously. 24 
Histology and immunohistochemistry
Adductor muscle was embedded in optimum cutting temperature medium (Tissue Tek; Sakura Finetek, Torrance, CA), sectioned, and analyzed by immunohistochemistry (IHC) for human cells. Frozen sections were fixed in 10% buffered formalin (Sigma-Aldrich) and blocked with mouse-onmouse reagent (Vector Laboratories, Burlingame, CA). Mouse anti-human HLA-A, B, and C diluted 1/500 was subsequently detected with alkaline phosphatase goat anti-mouse IgG antibody (Sigma-Aldrich). For capillary density quantification, muscle sections were stained with hematoxylin and eosin and observed under light microscopy for capillary density per mm 2 . For each mouse, 10 fields were counted for capillaries in a blinded fashion. Mouse vascular structures were also visualized using a rabbit anti-human vWF polyclonal antibody cross-reactive to murine ECs.
AlexaFluor 750-nm-conjugated Feridex nanoparticle cell labeling
Synthesis of AlexaFluor 750-conjugated Feridex (Fe[750]) nanoparticles was based on previously published methods. 30, 31 Purified ALDH lo and ALDH hi cells were incubated with Fe[750] nanoparticles in fibronectin (CH-296 25 g/cm 2 )-coated plates (Takara Shuzo, Otsu, Japan) as described, 31 and cultured in serum free X-Vivo 15 media (Lonza Walkersville) supplemented with 10 ng/mL recombinant human thrombopoietin, recombinant human stem cell factor, and Flt-3 ligand (R&D Systems, Minneapolis, MN). Fe[750] nanoparticles were prepared with protamine sulfate (American Pharmaceuticals, Schaumberg, IL) and added to 2 ϫ 10 5 cells/well at a concentration of 10 g/mL. Cells were harvested after 18 hours using enzyme-free cell dissociation buffer (Invitrogen, Carlsbad, CA). BM ALDH lo cells did not efficiently uptake nanoparticles. . X-ray and fluorescent images were overlaid and processed using Kodak image analysis software.
FACS purification, transplantation, and in vivo imaging of Fe[750]-labeled cells
Human cell detection in transplanted NOD/SCID/MPSVII mice
We also transplanted ␤-glucuronidase (GUSB)-deficient NOD/SCID/ MPSVII mice to track transplanted human cell recruitment to the ischemic tissue in situ. 25, 32 After femoral artery ligation and at 2 or 30 days after transplantation, human cells present in frozen ischemic muscle sections were detected by IHC for ubiquitous expression of GUSB in human cells and costained for CD45 expression as previously described. 25 
Hematopoietic reconstitution
BM-derived ALDH lo and ALDH hi cells were transplanted by tail vein injection into 8-to 10-week-old, sublethally irradiated (300 cGy) NOD/ SCID or NOD/SCID ␤2M-null mice (Jackson Laboratory) as previously described. 23 Seven to 8 weeks after transplantation, BM and spleen were analyzed for human hematopoietic chimerism by flow cytometry for human CD45 and human HLA A,B,C (BD Biosciences). Analysis of multilineage 
Results
BM-derived ALDH hi cells express progenitor and monomyelocytic markers
To prospectively purify human BM cells based on a conserved progenitor cell function, 23 ,24,33 we FACS-purified human BM nucleated cells based on low side scatter properties and low Transplantation of BM ALDH hi cells augmented perfusion in ischemic limbs from 7 to 21 days after transplantation (*P Ͻ .05). (F) Capillary density at days 21 to 28 was increased in mice transplanted with ALDH hi cells (*P Ͻ .05). All micrographs were viewed with an Olympus (Hamburg, Germany) BX50 microcoscope using air lenses and betaglucuronidase and hematoxylin stains. All images were taken with a Hitachi HV-F2S CCD camera using Northern Eclipse version 7.0 software. The following numeric aperture (NA) air objectives were used: panels C and F, 10ϫ/0.30; panels E and G, 20ϫ/0.50. (8.2% Ϯ 1.3% of nucleated cells) versus high (0.8% Ϯ 0.2% of nucleated cells) ALDH activity (n ϭ 11, Figure 1A ). Scatter profiles for each purified population revealed that ALDH hi cells were larger than ALDH lo cells (*P Ͻ .01), indicated by increased forward scatter mean fluorescence intensity ( Figure 1B,C) . Although this stringent sorting strategy removed granulocytes with high side scatter, BM samples were not depleted for lineagecommitted cells before sorting. This allowed subsequent characterization of cell surface phenotype on ALDH lo and ALDH hi cells without the removal of mature hematopoietic cells with potential proangiogenic functions. 12 ALDH lo cells highly expressed the pan-leukocyte marker CD45 (98.5% Ϯ 1.4%) and were significantly enriched for T lymphocytes (CD4, CD8) and B lymphocytes (CD19, CD20; Figure 1D ,E; Table 1 ). In contrast, ALDH hi cells demonstrated lowered CD45 expression (85.9% Ϯ 5.6%, Table 1 ), suggesting increased representation of nonhematopoietic cells. BM ALDH hi cells also showed increased coexpression of primitive cell surface markers, CD34, CD117 (c-kit), and CD133 (Figure 1D ,E; Table 1 ), confirming that known progenitor phenotypes from human BM possess high ALDH activity. 23, 24 Approximately half of the ALDH hi cells expressed the early myeloid marker CD33 with a distinct cluster of CD33 ϩ CD14 ϩ cells ( Figure 1E ), suggesting that the ALDH hi population also contained myeloid progenitors and monocytes. In contrast, the ALDH lo population showed reduced CD33 ϩ myeloid cells and CD14 coexpressing monocytes ( Table 1 ). The ALDH hi purified population highly expressed CD31 (PECAM-1), an adhesion molecule expressed on ECs, platelets, monocytes, and macrophages, yet few cells coexpressed CD144 (VE-cadherin), an EC-restricted marker. Collectively, these analyses suggested that the ALDH hi population was composed of cells previously associated with both endothelial and hematopoietic progenitor function and also contained myelomonocytic cells implicated in the support of blood vessel formation. 4, 12, 15, 34 
Transplantation of human BM-derived ALDH hi cells augments perfusion and capillary density in ischemic limbs
We induced unilateral ischemia in the right hindlimb of immunedeficient NOD/SCID ␤2M null mice by transection of the femoral artery and ligation of collateral vessels. Blood flow quantified by PR between the ischemic and nonischemic limbs was reduced more than 10-fold by LDPI to a mean PR of 0.08 (Ϯ 0.02) for all surgically treated mice, confirming the induction of severe limb ischemia (Figure 2) . Representative LDPI are shown weekly to document the recovery of perfusion for 21 days after injection of PBS (Figure 2A ), unpurified BM nucleated cells ( Figure 2B ), ALDH lo cells (Figure 2C ), or ALDH hi cells ( Figure 2D ). PBSinjected mice showed endogenous recovery of perfusion from 0.07 plus or minus 0.02 after surgery to a plateau of 0.34 (Ϯ 0.07) at day 21 ( Figure 2E ). This baseline recovery was sufficient to prevent untoward morbidity or limb loss in experimental animals. Recovery of limb perfusion was similar to PBS-injected controls after tail Figure S1D ). These data confirm that improvement in perfusion in mice transplanted with ALDH hi cells was the result of revascularization of ischemic limbs.
Because the human ALDH hi population contained a significant number of myelomonocytic cells (ϳ 12% CD14 ϩ ) previously implicated in angiogenesis, 34, 35 we investigated whether CD14-selected human monocytes could similarly induce recovery of perfusion. Transplantation of 1 to 4.5 ϫ 10 6 CD14 ϩ monocytes from mobilized peripheral blood did not augment perfusion in the ischemic limb (PR ϭ 0.42 Ϯ 0.13 at day 28) compared with baseline recovery observed in PBS-injected controls (PR ϭ 0.41 Ϯ 0.06, Figure S2 ) and further underscore the robust blood flow recovery observed after the transplantation of BM ALDH hi cells.
Efficient recruitment of human BM ALDH hi cells to the ischemic limb
Because hypoxia is a strong stimulus for the recruitment of circulating cells to ischemic tissue, 32 we labeled human ALDH hi cells with fluorescent Fe[750] nanoparticles and tracked cell recruitment to the ischemic limb after transplantation. 31 Excess unbound Fe[750] nanoparticles were removed from Fe-labeled cells by extensive washes in PBS and by the selection of the cells based on forward and side scatter properties (R1, Figure 3A) Figure 3B ). Our previous studies have shown that potentially phagocytic myeloid progenitors and monocytes label efficiently in vitro. 31 An aliquot of purified ALDH hi Fe[750] hi cells was used to localize iron nanoparticles within the cytoplasm of intact cells by Prussian blue staining ( Figure 3C ). Trypan blue viability after FACS purification was more than 90% (n ϭ 3), suggesting that cell death was not increased by cell culture, iron loading, or subsequent flowbased sorting.
Purified ALDH hi Fe[750] hi cells were transplanted into the tail vein of immune-deficient mice with acute limb ischemia. After injection of a high dose of nanoparticle-loaded cells (10 6 ALDH hi Fe[750] hi cells), fluorescent signal was detected at the site of surgically induced ischemia as early as 24 hours after transplantation ( Figure 3D ), whereas fluorescent signal was not observed in the nonischemic limb ( Figure 3D ). Injection of unlabeled cells or free nanoparticles did not produce fluorescent signal in the ischemic limb (data not shown). At 48 hours after transplantation, fluorescent signal continued to accumulate in the ischemic region and dispersed throughout the ischemic muscle but did not penetrate significantly into the ankle or foot further downstream of the damage site ( Figure 3D) .
We also used NOD/SCID/MPSVII (GUSB-deficient) mice to track transplanted cells to the ischemic tissue based on ubiquitous GUSB activity (red) in human cells and costained for human CD45 (brown) expression. 24 At 2 days after transplantation with 20 ϫ 10 6 BM nucleated cells, human CD45 ϩ hematopoietic cells were consistently detected adjacent to larger blood vessels in the ischemic limb ( Figure 3E inset) , and GUSB ϩ human cells that did not express CD45 were observed adjacent to muscle bundles ( Figure 3E arrows) . In contrast, human cells were not detected in ischemic muscles of mice 2 days after injection with up to 2 ϫ 10 6 ALDH lo cells ( Figure 3F ). After injection of only 2 ϫ 10 5 ALDH hi cells, GUSB ϩ CD45 Ϫ human cells were detected adjacent to vascular structures and muscle fibers as early as 2 days after transplantation and remained for up to 30 days ( Figure 3G arrows) . Figure 3I ) showed increased fluorescence in the ischemic limb between 24 hours and 7 days after transplantation. However, between 7 and 14 days, the fluorescent signal rapidly declined, suggesting transient retention of recruited cells at the area of ischemia ( Figure 3I ). To confirm the transient engraftment of BM ALDH hi cells, murine BM, spleen, and adductor muscle from ischemic and nonischemic limbs were collected for analysis of human cell engraftment at 21 to 28 days after transplantation. Because recipient mice were not sublethally irradiated before transplantation, permanent human hematopoietic chimerism was not established in the BM or spleen of any transplanted mice. Few human cells (Ͻ 0.2% human HLA-A, B, C ϩ by FACS) were detected in the ischemic limb adductor muscle in 5 of 8 mice transplanted with human BM-derived ALDH hi cells. Low-level engraftment was confirmed by IHC for human HLA-A, B, C and by sensitive detection of human P17H8 sequences by polymerase chain reaction (data not shown). However, the persistence of human cells in the ischemic limb was rare ( Figure 3G ). Human cells were not detected in the ischemic limb of mice transplanted with human ALDH lo cells, and human cells were never detected in the nonischemic limb of any transplanted mice. Therefore, long-term hematopoietic chimerism and widespread retention of ALDH hi cells in the ischemic limb were not required for improved perfusion.
Human BM ALDH hi cells are enriched for HCFC and demonstrate repopulating function
BM-derived CD34 ϩ hematopoietic progenitor cells and their differentiated progeny have been implicated in regenerative angiogenesis. 6, 12, 16, 35 Thus, ALDH lo and ALDH hi cells were plated in HCFC assays. Similar to ALDH hi cells from UCB, 23 human BM-derived ALDH hi cells established colonies of erythroid, granulocyte, and macrophage lineages ( Figure S3A ). The frequency of HCFCs within the ALDH hi population (1 HCFC in 8 ALDH hi cells) was significantly increased compared with the corresponding ALDH lo cells (1 HCFC in 2325 ALDH lo cells, Figure 4A ) and represented more than 70-fold enrichment for hematopoietic progenitors compared with BM MNCs (1 HCFC in 588 MNCs).
To quantify hematopoietic repopulating function in vivo, we transplanted sublethally irradiated (350 cGy) NOD/SCID (closed symbols) mice and NOD/SCID B2M null mice (open symbols) with purified ALDH lo (red) or ALDH hi (blue) cells and measured human cell chimerism in the BM of transplanted mice 7 to 8 weeks after transplantation ( Figure S3B ). As indicated, mice transplanted with 10 4 to 4 ϫ 10 5 BM ALDH hi cells demonstrated hematopoietic reconstitution at frequencies ranging from 0.1% to 68.4% HLA-A, B, C ϩ /CD45 ϩ cells. In contrast, only 1 of 10 mice transplanted with ALDH lo cells showed surviving human cells in mouse BM. Engrafted human BM ALDH hi cells were capable of differentiation into mature myeloid and B-lymphoid cells ( Figure S3C ). Thus, similar to ALDH-selected UCB cells, 23 the ALDH hi fraction of human BM was enriched for hematopoietic progenitors with multilineage repopulating function.
BM-derived ALDH hi cells are enriched for multipotent MCFC
Human BM also contains nonhematopoietic, multipotent mesenchymal-stromal cells (MSCs) capable of producing differentiated bone, cartilage, and adipose cells in vitro. 36 Human MSCs have recently been implicated in the stabilization of functional neovessels in vivo. 20 Both ALDH lo ( Figure 4C ) and ALDH hi ( Figure 4D cells from human BM resulted in the formation of plastic-adherent MCFCs with typical stromal-fibroblast morphology. As observed for HCFCs, MCFCs were enriched in the ALDH hi population (1 MCFC in 1369 ALDH hi cells) compared with the ALDH lo population (1 MCFC in 2.5 ϫ 10 4 ALDH lo cells, Figure 4B ). ALDH hi purification conferred more than 90-fold enrichment for MCFCs compared with unfractionated BM cells (1 MCFC in 1.3 ϫ 10 5 MNCs, n ϭ 4). Both ALDH lo and ALDH hi MCFCs established the outgrowth of stromal cells that expressed typical fibroblast cell surface markers CD73, CD90 ( Figure S4A,B) , and CD105 and were devoid of contaminating hematopoietic cells and ECs ( Figure S4 , Table 2 ). The primitive cell markers CD34 and CD133 were not expressed on cultured ALDH lo or ALDH hi MCFCs ( Table 2 ). In secondary differentiation cultures, only the ALDH hiderived MCFCs were truly multipotent and resulted in the production of Oil Red O-stained adipocytes ( Figure 4F ), Alizarin Red-stained osteocytes ( Figure 4H ), and Safranin O-stained chondrocytes ( Figure 4J ). ALDH lo -derived MCFC demonstrated reduced differentiation to bone and cartilage ( Figure 4G,I ). Thus, BM-derived ALDH hi cells are enriched for MCFC that meet the minimal criteria defining multipotent MSCs, 37 whereas ALDH lo cells contained some MCFCs that showed restricted differentiation potential. Figure 5C ). EGM-2 culture did not support significant colony expansion by ALDH lo cells. Because these culture conditions support the growth of nonendothelial cell types, ALDH hi colonies expanded in EGM-2 media were harvested at day 28 for cell surface phenotypic analysis. These cells did not express monocyte (CD45, CD14) or primitive progenitor (CD34, CD133) markers (Table 2 ; Figure S4C ), suggesting that these conditions did not support the growth of hematopoietic cells. However, in contrast to mature HAECs, ALDH hi cells did not acquire expression of the mature EC markers CD31 (PE-CAM-1) or CD144 (VE-cadherin) ( Table 2 ; Figure S4C,D) . ALDH hi cells grown in EGM-2 consistently expressed CD73 and CD105, markers with shared expression on both HAECs and MSCs. 15, 37 In contrast to HAECs, ALDH hi cells grown in EGM-2 also showed consistent expression of the marrow stromal marker CD90 (Table 2) . Thus, ALDH hi cells from human BM established nonhematopoietic colonies in EGM-2 media, but subsequent cellular outgrowth showed typical stromal cell phenotypes rather than EC surface marker expression.
To further assess vessel-forming function of ALDH hi cells in vitro, HAECs ( Figure 5D ), were compared with ALDH hi cells propagated in Amniomax ( Figure 5E ) or EGM-2 ( Figure 5F ), for the ability to form closed capillary tubule networks in Matrigel assays ( Figure 5G-I) . At 24 hours, HAECs formed patterned multinucleated closed tubule networks ( Figure 5G ). By comparison, ALDH hi MCFCs grown in Amniomax aggregated into less structured tubule-like networks ( Figure 5H ). ALDH hi cells grown in EGM-2 also formed less organized networks characterized by elongated cellular connections ( Figure 5I ). These analyses suggest that high ALDH activity enriches for nonhematopoietic cells that survive in endothelial-specific conditions. However, resultant cellular outgrowth did not acquire typical EC phenotypes or function and underscores that propagation in EGM-2 does not confer endothelial progenitor cell function in vitro.
Discussion
Using a clinically relevant, FACS-based purification procedure based on high ALDH enzyme activity, we have prospectively isolated a heterogeneous cell population from adult human BM that improved functional perfusion after transplantation into mice with critical limb ischemia. The highly purified ALDH hi cells, representing less than 1% of total BM, were efficiently recruited to the ischemic limb after transplantation. However, these transplanted cells did not permanently integrate into the ischemic tissue, suggesting that low frequency or transient ALDH hi cell recruitment was sufficient to increase blood vessel density and improve limb perfusion.
The prospective isolation of rare BM-derived nonhematopoietic progenitor cell types has proven difficult using cell surface marker-based selection. The ALDH hi population contained cells with increased expression of known progenitor cell surface markers (CD34, CD133, CD117), was enriched for hematopoietic CFC with NOD/SCID repopulating capacity, and also contained differentiated myelomonocytic cells previously associated with proangiogenic properties. 4, 12, 15, 34 In addition, the ALDH hi population contained multipotent MSCs and nonhematopoietic cells that established colonies in endothelial growth media. These data are supported by a recent report, 26 in which Gentry et al described EGM-2-cultured ALDH hi cells labeled efficiently with acetylated low density lipoprotein and possessed tubule formation capacity in growth factor reduced Matrigel matrix. Despite subtle differences in the culture methodologies used, human BM-derived ALDH hi cells cultured under both mesenchymal and endothelial supportive conditions had some ability to spontaneously form tube-like cellular networks, but these cells never acquired the full complement of EC surface markers in vitro. Therefore, high ALDH activity is a characteristic of a progenitor-enriched population of several lineages that, when transplanted as a heterogeneous population, allowed for the potential interaction of both hematopoietic and nonhematopoietic cell types with the damaged vascular endothelium. Although the specific contribution of each of these cell types during vascular recovery in vivo requires further experimentation, inclusive transplantation of these potentially regenerative cell types may further promote the recovery of functional perfusion.
A conserved function of potentially regenerative cell types is the ability to migrate selectively to ischemic or damaged tissues in response to hypoxia-inducible factor-1␣-dependent up-regulation of stromal derived factor-1. 32, [39] [40] [41] Here we showed that tail vein injection of Feridex-labeled ALDH hi cells resulted in recruitment of ALDH hi cells to the area of ischemia within 24 hours, continued accumulation of labeled-ALDH hi cells for up to 7 days, and clearance of signal fluorescence from the ischemic limb 7 to 14 days after transplantation. Fluorescent nanoparticle redistribution may occur by several possible mechanisms, including active nanoparticle efflux and clearance, cell migration from the site of ischemia, or cell deletion and removal of released nanoparticles. Nonetheless, permanent integration of human cells in the ischemic muscle beyond 14 days after transplantation was rare. Although transient cell retention in the ischemic region cannot be attributed specifically to progenitor cells, recruitment of human BM purified ALDH hi cells resulted in functional and stable recovery of limb perfusion, consistent with the concept of cell-mediated tissue repair. 42 The specific phenotypes and lineage restriction of transplanted BM-derived ALDH hi cells that initially recruit to areas of ischemia and the mechanisms by which these cells impact revascularization remain areas of active investigation. In contrast to the ALDH hi population, Schatteman et al documented that purified human BM CD34 ϩ cells injected into nondiabetic murine recipients with limb ischemia did not accelerate the restoration of blood flow compared with vehicle control. 4 Similarly, transplantation of ALDH lo cells, unsorted BM nucleated cells (containing the equivalent of 4-fold greater numbers of ALDH hi cells), did not augment perfusion. Although transplanted mobilized peripheral blood CD14-selected monocytes did not augment perfusion in our system, we cannot rule out the possibility that agranular myeloid cells or monocytes within the BM ALDH hi population may be implicated in revascularization. In addition, our data suggest a potential role for nonhematopoietic ALDH hi cells in the recovery of vascular function. Recently, several groups have identified a role for MSCs providing structural support to neovessels in vivo. 20, 21 We observed the recruitment of CD45 Ϫ human cells adjacent to muscle fibers in the ischemic limb, suggesting that nonhematopoietic cells enriched within the ALDH hi population may potentially provide support to regenerating vasculature. Selective administration of lineage-restricted cell populations will be required to elucidate the putative functions of various cell types that coordinate specific aspects of neovessel formation.
BM-derived stem and progenitor cells repair tissues either by the direct replacement of damaged cells or by the induction of regeneration of tissue resident cells. 42 Direct intramuscular injection of undifferentiated multipotent adult progenitor cells have recently been reported to restore blood flow and stimulate muscle regeneration in mice with limb ischemia via permanent cell replacement and trophic effects. 43 Here, we describe that transplanted human BM ALDH hi cells also improve durable perfusion without permanent incorporation into limb vasculature. We propose that, after systemic infusion of BM ALDH hi cells and transient homing to the ischemic region, transplanted cells trigger collateral vessel formation or stabilization, resulting in improved perfusion. Although the cellular interactions or paracrine factors that mediate vascular regeneration are not fully elucidated at present, discovery of key molecules that mediate different aspects of neovessel formation may allow the development of drug therapies to more effectively treat ischemic diseases in the future. 44, 45 Functional characterization of both vascular cells and supportive cell lineages and quantification of their respective vascular regenerative functions using preclinical models are essential for the development of improved cellular therapies for vascular diseases. Recent clinical trials using the transfer of heterogeneous BM MNCs for limb ischemia 46 or cardiac repair [47] [48] [49] have demonstrated variable efficacy with regard to new vessel formation, prompting investigators to search for specific cellular constituents for the generation of functional vasculature in vivo. 50 We have identified a globally available and clinically relevant source of cells that may be administered to safely augment vascular recovery in ischemic limbs. Although our studies were performed in a model of acute ischemia, neither preparative irradiation nor permanent human hematopoietic chimerism was required to improve perfusion, suggesting that the delivery of autologous or allogeneic cells using minimal pretransplantation conditioning may be possible. Further clinical studies are required to determine the efficacy of these approaches for the treatment of critical limb ischemia.
